The polarization state of the BESSY UE56/1-PGM beamline radiation in the broad wavelength range of 12.7-15.5 nm was measured using a molybdenum/silicon transmission phase retarder and a reflection analyzer with aperiodic multilayer interference structures, which can broaden the spectral response of these optical elements. The characteristics of the circular polarized undulator radiation, as well as the polarization properties of the two polarizing elements, were determined by a complete polarization analysis. Furthermore, the polarization of the radiation as a function of the undulator shift setting was also measured at the wavelength of 13.1 nm by use of the broadband phase retarder-analyzer pair.
Studies of magnetic scattering and magneto-optics of synchrotron radiation require knowledge of the beam polarization, 1 which is also necessary for the characterization of extreme ultraviolet ͑EUV͒ optical elements at off-normal incidence angles. 2 The ability to analyze completely the polarization of the EUV beam is of practical importance in evaluating the performances of insertion-device synchrotron sources. 3 Experimental control and evaluation of the polarization state of a beam can be obtained with optical devices such as phase retarders and linear analyzers. 3, 4 Periodic multilayers are commonly used to study the polarization state of EUV beams following beamline optics, 5, 6 but they have to be changed or rotated in order to perform polarization analysis in broadband ranges because of their intrinsically narrow wavelength acceptances. 7 This situation could be improved by utilizing aperiodic multilayer polarizing elements, which can greatly extend the bandwidth without the necessity of changing the incidence angle. [8] [9] [10] [11] [12] This letter describes the characterization of the BESSY radiation in a broadband wavelength range using the aperiodic phase retarder and analyzer.
The molybdenum/silicon ͑Mo/ Si͒ broadband reflection analyzers were designed using a combined analytical/ numerical approach [8] [9] [10] with the optical constants of molybdenum and silicon obtained from the compilation of Henke et al. 13 The phase shift of a transmission phase retarder is defined as ⌬⌽ = ⌽ s − ⌽ p , and the glancing angle was set in the region between the Bragg peak and the total reflection, 14 where the phase shift has a maximum. The Mo/ Si multilayers were made using an ultrahigh vacuum magnetron sputtering deposition system. 15 The substrates were 100 nm thick silicon nitride 5 ϫ 5 mm 2 membranes for the transmission phase retarders and superpolished singlecrystal Si ͑100͒ 20 ϫ 30 mm 2 wafers for the reflection analyzers. The multilayers were initially measured using a small angle x-ray diffractometer ͑D1 system, Bede Ltd., U.K.͒ with a copper K ␣ ͑0.154 06 nm͒ source, and the thickness distribution was analyzed by simulating these measured data. 8 Polarization can be described in terms of four Stokes parameters that determine the total intensity, S 0 , two components of linear intensity, S 1 and S 2 , and the circularly polarized intensity, S 3 .
3 Since the full polarization is a selfcalibrating measurement, the Stokes parameters normalized with respect to the total intensity S 0 are defined as StokesPoincaré parameters with P i = S i / S 0 . Complete analysis of the polarization state was performed using a broadband phase retarder and analyzer in combination, using the highprecision compatible polarimeter and the UE56/1-PGM monochromator at BESSY. 3 The polarimeter can be used for the characterization of reflection or transmission properties as well as the polarizing and phase retarding properties of any optical element. Horizontal linearly polarized undulator radiation was used to characterize these polarizing elements while the data for the complete polarization analysis were obtained with the undulator set for circularly polarized radiation.
The complete polarization analysis was carried out as a function of wavelength in the range of 12.7-15.5 nm by recording the intensity after the broadband phase retarder and analyzer. 3, 16 A typical polarimeter spectrum of the transmitted intensity normalized to the incident intensity at 15 nm is a͒ Author to whom correspondence should be addressed; electronic mail: wangzs@mail.tongji.edu.cn shown in Fig. 1 , with 4 analyzer azimuth angles ͑␤͒ and 19 polarizer azimuth angles ͑␣͒, corresponding to rotation over 180°. A least-squares fit with the CERN software package MINUIT was applied to these data with seven free parameters: phase shift ⌬⌽, the transmission ratio T p / T s of the phase retarder, the reflection ratio R p / R s of the analyzer, the three Stokes-Poincaré parameters ͑P 1 , P 2 , and P 3 ͒, and a scale factor F = S 0 / I 0 ͑I 0 is the normalized intensity of the incident beam͒ to adjust the scale of the recorded intensity in the self-calibrating measurements. As a check of this analysis it was also carried out using the Solver package in Microsoft Excel, with similar results.
Although the complete polarization analysis is insensitive to the phase shift introduced by the analyzer, the fitted phase shift is very sensitive to the polarization efficiency ͑R p / R s ͒ of the analyzer. Therefore, the s and p component reflectivities of the analyzer were measured directly in order to decrease the fitting error, with the results shown in Fig. 2 . The s reflectivity is Ϸ13% -25% for the broadband reflection analyzer in the wavelength range from 12.5 to 15 nm at a quasi-Brewster angle of 47.5°, and the reflection ratio R p / R s is less than 0.01, which is small enough to allow the analysis of the complete polarization state of an EUV beam.
The best overall fit keeping R p / R s fixed at the directly measured values resulted in the phase shift of the aperiodic transmission phase retarder; the fitted results along with the calculated values for interlayer roughnesses of 0 and 1 nm are shown in Fig. 3͑a͒ . The measured phase shift decreases from 55.6°to 38.1°with an average of 41.7°± 4.3°over the range of 13.8-15.5 nm. The shapes of the experimental curves and the calculations using an interlayer roughness of 1 nm in the simulation code are in good agreement. It is worth noting that when a phase shifter is used to analyze elliptical polarization, a phase shift angle of a few tens of degrees is sufficient. 16 As shown in Fig. 3͑b͒ , the transmission of the phase retarder was also measured at a grazing angle of 47°. The transmission intensity was 6%-2% in the range of 13.5-15.5 nm with transmission ratio T p / T s of 0.96± 0.11. The calculated transmissions with a roughness value of 1 nm are also consistent with experimental data.
The measured Stokes-Poincaré parameters of the radiation as a function of wavelength are determined by the above least-squares fit and shown in Fig. 4 . The circularly polarized parameter P 3 is close to unity while the linearly polarized values, with averages of P 1 = 0.007± 0.026 and P 2 = −0.053± 0.005, oscillate around zero over the wavelength range. As the wavelength increases from 12.7 to 15.5 nm, the linear polarization parameter P 2 changes from positive to negative with a minimum of −0.14 at 15.2 nm. The fitted behaviors agree quite well with model predictions of the circularly polarized radiation. The relative errors of the fitted parameters are larger for small phase shift ⌬⌽, smaller P 3 , or both, because of the correlation between the parameters. 3 Each data set was analyzed several times using different initial values which allowed the relative fitting errors to be estimated as approximately 5% ͑Ref. 3͒ with phase shifts greater than 40°and P 3 close to unity.
Using the broadband polarizing elements, the polarization of the radiation from the BESSY UE56/1-PGM at 13.1 nm was measured as a function of the shift of the magnetic rows. The Stokes-Poincaré parameters are shown in Fig. 5 together with the fitted curves and the gap values, which were also changed with the shift in order to fix the energy of the undulator harmonic. The grazing incidence angles of the phase retarder and analyzer were fixed at 45°a nd 47°, respectively. At the largest shift of the diagonal magnets, the radiation is nearly completely circularly polarized, with ͉P 3 ͉ ജ 0.94. For zero shift, the linear polarization is largest, with ͉P 1 ͉ = 0.96. It is also worth noting that the experimental curve for the P 2 component is not symmetric with respect to the shift, which could be explained by a small vertical misalignment of the instrument or depolarization effects of the beamline optics. 3, 16 A complete polarization analysis was performed in a broadband wavelength range by fixing the incidence angles of an aperiodic transmission phase retarder and a reflection analyzer. The polarization properties of the synchrotron radiation and these polarizing devices were systematically characterized with a tunable synchrotron radiation in the EUV regime. Polarized radiation from the BESSY UE56/1-PGM beamline was characterized as functions of the wavelength and of the undulator settings using the broadband phase retarder-analyzer pair; this has high potential for the practical control and monitoring of radiation in polarizationsensitive experiments. 
